A bibliographic search yielded a set of empirical equations that constitute an easy method for the calculation of some thermophysical properties of both liquid water and ice I, properties that are involved in the modeling of thermal processes in the high-pressure domain, as required in the design of new high-pressure food processes. These properties, closely interrelated in their physical derivation and experimental measurement, are specific volume, specific isobaric heat capacity, thermal expansion coefficient, and isothermal compressibility coefficient. Where no single equation was found, an alternative method for calculation is proposed. Keeping in mind the intended applications and considering the availability of both experimental data and empirical equations, the limits for the set of equations where set in -40 to 120°C and 0 to 500 MPa for liquid water and -30 to 0°C and 0 to 210 MPa for ice I. The equations and methods selected for each property are described and their results analyzed. Their good agreement with many existing experimental data is discussed. In addition, the routines implemented for the calculation of these properties after the described equations are made available in the public domain.
I. INTRODUCTION
High-pressure technology applied to food has become an interest focus recently, both for researchers and technologists. Although an old research field, only recently have some industrial applications developed, mainly in Japan but also in other countries, such as the USA, France, Spain, and Mexico. Among high-pressure treatments, those performed at low temperatures (freezing, thawing and storage at temperatures below 0°C * without freezing) have great future potential. 1 Nevertheless, most high-pressure studies and current applications involve close to room temperature treatment intending sterilization or enzyme inactivation, where the confinement of temperature in the whole of the sample and surrounding area within narrow limits can be of interest. Additionally, the practical control of the process and the energetic (economic) calculations require knowledge of physical parameters during all the process phases.
As has been pointed out, 2 from an engineering point of view, theoretically based heat and mass transfer models allowing the prediction of the physical history of food undergoing a given process posses a high utility potential. However, the current literature available lacks enough thermophysical data for food and its components, even for the main one, water, to be used in the modeling process in high-pressure domains. The mathematical models developed up to now [2] [3] [4] [5] [6] therefore have used different approaches to estimate thermal property data.
Water has many, very exceptional physical and chemical properties that vary with pressure. Hence, solid water can appear in not less than 12 allotropic forms at different pressures and temperatures. All of these, except ordinary ice or ice I, are denser than liquid water. Ice I melting temperature decreases with pressure and so water can remain in liquid state down to -22°C at 210 MPa. Also, the homogeneous nucleation temperature decreases with pressure and even more than melting temperature. Then, the metastable range is significantly enlarged with the application of pressure. So, the minimum temperature at which it is possible to find supercooled water is reduced from -40°C at atmospheric pressure to -92°C at about 210 MPa. 7 Thermal expansion, isothermal compressibility, specific volume, and specific isobaric heat capacity are some of the essential thermodynamic properties in modeling phase transition phenomena involved in high-pressure freezing and thawing around the liquid-ice I melting curve of water. These parameters are closely interrelated (see below for examples of their mutual involvement in calculations), so that many experimental works deal with more than one of them. Other thermophysical interesting parameters, such as thermal conductivity and diffusivity and phase change enthalpies, behave more independently in their derivation and measurements and are not considered in this article.
The temperature range of interest for food high-pressure studies, considering the special needs of the low-temperature applications, can be stated as from 0 to -22°C for ice I and from positive temperatures down to -22°C for liquid water. Pressures expand from 0.1 to 210 MPa for ice I and to higher pressures for liquid water. This region, including the melting curve of water, is represented in Figure 1 , which has been obtained from the equations of Wagner et al. 8 The literature was searched for empirical equations that could define these parameters for both liquid water and ice I in the pressure and temperature ranges selected. The excellent works of Saul and Wagner, 9 Hill, 10 and Wagner et al., 11 modeled the values of thermophysical properties of liquid water. Unfortunately, they do not cover the entire range of temperature and pressure that is of interest for these new food processes, and/or they do not deal with all the properties needed for the calculations. For ice I only an empirical equation was found for the isothermal compressibility coefficient. 12 Also, a polynomial equation was obtained by these authors from experimental data to calculate the ice I thermal expansion coefficient (but only at atmospheric pressure). In the case of the specific isobaric heat capacity for ice I, no describing equations have been found for any of the pressure and temperature intervals concerned, but only a reference to a linear function to obtain the specific heat at atmospheric pressure. 12 For the specific volume of ice I, only an equation was found, and this at atmospheric pressure. 13 Data in the literature for liquid water are more abundant. Empirical equations therefore were found for the thermal expansion and the isothermal compressibility coefficients, 14 so that they could be calculated in the pressure and temperature intervals of interest. The IAPS Skeleton Tables 1985 15 give the most probable values of the specific volume of liquid water at temperatures over 0°C and pressures up to 1 GPa. An actualization of that property and the specific isobaric heat capacity for positive temperatures, intended for industrial use, was given by Wagner et al. 11 The actualization of the scientific use IAPWS formulation is, to date, unavailable. (It has not yet been published in a refereed journal.) At negative temperatures, experimental specific volume values for supercooled water up to -23°C at atmospheric pressure have been published by Sato. 16 Many empirical equations from all these data have been obtained by different authors, but in no case has a valid equation for the complete interval of interest been found. An equation given by Sato 16 is valid for the mentioned range of temperature, but it is only useful up to 100 MPa. There are many experimental data in the literature about liquid water heat capacity at high pressures and positive temperatures. 17, 18 Experimental data for specific isobaric heat capacity from 0 to -38°C at atmospheric pressure have been published for supercooled water. 19 Currently, however, experimental data on specific isobaric heat capacity of liquid water under pressure at temperature values lower than 0°C have not been found in the literature. Based on some known thermodynamic relationships, Ter Minassian et al. 14 obtained the variation of specific heat with pressure for temperatures from 120 to -40°C. When their results were compared with those obtained experimentally by Grindley and Lind, 18 the corresponding error was never greater than 5% at 100 MPa. This error value was only exceeded for pressures of 400 MPa at temperatures over 80°C. 14 The state equation derived by Sato 16 also yields the specific heat values of liquid water in the temperature FIGURE 1. Pressure-temperature diagram of water. After the equations by Wagner et al. 8 range considered here, but only up to 100 MPa. The results obtained from that equation agree well with those of Ter Minassian et al. 14 The equations selected to calculate these properties in the range of interest have wider validity limits. For liquid water they can be applied to physically meaningful situations from -40 to 120°C and from 0 to 500 MPa. For ice I they can be employed from -30 to 0°C and from 0 to 210 MPa. A small region is not considered: that of temperatures over 100°C and pressure low enough for water being in vapor state, and it must be noted that the region below 0°C and corresponding to ice I overlaps that of supercooled water, both phases possibly existing at the same conditions of pressure and temperature.
Empirical equations, whose coefficients have no physical meaning, are mainly useful to ease the finding of a property in given conditions. Other possible uses include getting a better understanding of the evolution of a property with the variation of other to deriving or to integrating a property of which only discrete experimental measurements are available. Graphical representations, although very descriptive of general trends and relationships, may be not an adequate method to present the results of these equations, if the reader is supposed to graphically, determine the desired property value over the printed graphic. Tables are necessarily long and cumbersome, and still pose the problem of the proper interpolation that, in many cases, the reader will have to perform.
As the equations and their coefficients are given, readers can compose their own routines for these calculations, but an easier alternative for the reader would be to make available the routines elaborated by the authors. These can be found publicly at the web page: http//www.if.csic.es/programas/ ifiform.htm. So, the figures presented here are only intended as description of general trends of properties in the pressure and temperature plane.
II. MODELING THERMOPHYSICAL PROPERTIES A. Thermal Expansion Coefficient
The variation of the specific volume due to a temperature change at constant pressure is defined as the thermal expansion coefficient α:
Ice I
In order to obtain α from Equation 1 in the selected temperature and pressure range, Equation 2 was used for the specific volume: The thermal expansion coefficient of ice I, at atmospheric pressure, was determined from Equation 5: If the partial derivative of V 1 with respect to temperature is obtained and substituted in Equation 1, the final expression is Thermal expansion coefficient was obtained using Equation 6 in the pressure range 0 to 210 MPa and the temperature range -22 to 0°C (although valid to -30°C). Results are shown in Figure 2 . The thermal expansion coefficient of ice I grew with temperature and diminished with pressure. Thus, the specific volume of ice I was less affected by changes of temperature, the greater the pressure and the lower the temperature. The (atmospheric pressure) data from Butkovich 20 agree fairly well with the results of these equations, within 0.2% (less than the average uncertainty of the original data set).
Liquid water
Equation 7 14 was used to obtain the thermal expansion coefficient for liquid water: 
where temperature is expressed in K and pressure in bar (10 5 Pa). Table 1 shows the coefficients a 1 to a 14 .
Values of the thermal expansion of water were calculated for temperatures from -30 to 120°C and pressures from 0 to 500 MPa using Equation 7 (although valid from -40°C). The results are shown in Figure 3 .
The figure shows the anomalous behavior of the supercooled liquid. The coefficient of thermal expansion underwent a drastic reduction in the region of supercooled water. This abnormality, registered at lower temperatures for higher pressures, is also observed in the experimental data published by different authors. 12,17
B. Isothermal Compressibility Coefficient
The variation of the specific volume due to a pressure change at constant temperature is defined as the isothermal compressibility coefficient β:
Ice I
The isothermal compressibility, β, was obtained from Equation 9 according to Chizhov and Nagornov: 12
where β 1 0 is defined by Equation 4. The isothermal compressibility coefficient of ice I calculated according to Equation 9 for temperatures from -22°C to 0°C and pressures from 0 to 210 MPa (although valid from -30°C) is shown in Figure 4 . As the figure shows, compressibility diminished as temperature decreased and pressure grew. Thus, the specific volume of ice I was less affected by changes of pressure when pressure increased and temperature diminished.
Liquid Water
In this case, β was obtained from Equation 11: The values of the isothermal compressibility coefficient of water were calculated from Equation 11 . The results obtained for pressures from 0 to 500 MPa and temperatures from -30 to 120°C (although valid from -40°C) are shown in Figure 5 . As in ice I, the compressibility of liquid was lower as temperature decreased and pressure grew. Nevertheless, as in the case of the thermal expansion coefficient, an anomalous behavior was registered in the supercooled water region, where there was a sharp increase in the compressibility values for negative temperatures. This behavior has also been observed in experimental data by other authors. 21 The average discrepancy with data from Ref. 17 is 1%.
C. SPECIFIC VOLUME
The calculations of specific volume were carried out using the following thermodynamic equation based on the concepts of thermal expansion and isothermal compressibility:
Ice I
The specific volume of ice I was obtained from Equation 15 using the above equations for α 1 y β 1:
The specific volume of ice I was determined by Equation 15 in the ranges from -22 to 0°C and from 0 to 210 MPa (although valid from -30°C) and represented in Figure 6 , which shows that the specific volume of ice I diminished when pressure increased and temperature decreased. The average discrepancy from the values obtained by Wexler 13 at atmospheric pressure in the selected temperature range is of the same order than the original data uncertainty.
Liquid Water
The specific volume of liquid water was obtained by means of Equation 16 : The specific volume of water for pressures from 0 to 500 MPa and temperatures from -30 to 120°C (although valid from -40°C) was calculated according to Equation 16 .
The results are shown in graphic form in Figure  7 . The specific volume of liquid water decreased when pressure increased and temperature decreased, as it did for ice I. The values obtained at positive temperatures were compared with those provided by the IAPS Skeleton Tables 1985, 15 and no relative deviation greater than 0.8% was found, whereas the average deviation was 0.05% (over an average original data uncertainty of 0.2%). For pressures below 100 MPa and temperatures positives below 20°C, the maximum relative discrepancy from the results of the equation of Wagner et al. 11 is lower than 0.034%. When the data for supercooled water were compared with the experimental data from Schufle, 23 the maximum relative discrepancy found was 0.06%. Meanwhile, the average differences with the data obtained after sound velocity determinations by Vedam and Holton 17 were 0.04%.
D. Specific isobaric heat capacity

Ice I
The specific isobaric heat capacity of ice I was obtained from the well-known thermodynamic Equation 17:
using Equation 18 12 to calculate the specific isobaric heat capacity at atmospheric pressure:
c P T T 
Expression (19), obtained by deriving Equation 6 with respect to temperature at constant pressure, allows the resolution of Equation 17: 
From Equation 17 the specific isobaric heat capacity of ice I was calculated in a temperature range of -22 to 0°C and a pressure range from 0 to 210 MPa (although valid from -30°C). The results are shown in Figure 8 . The specific isobaric heat capacity of ice I was larger the higher the temperature and the lower the pressure, although the effect of pressure was very slight.
Liquid Water
The specific isobaric heat capacity of liquid water was obtained from (17) considering that, according to Sato, 16 the specific isobaric heat capacity at atmospheric pressure can be calculated using Equation 20, for temperatures above 0°C: From Equation 17 the specific isobaric heat capacity values of water were obtained in a temperature range of -30 to 120°C (although valid from -40°C) and a pressure range of 0 to 500 MPa (see Figure 9 ). It was found that for a given pressure the specific isobaric heat capacity diminished gradually with the temperature, down to a minimum. The temperature at which this minimum occurred was lower the higher the pressure, quickly rising again when the area of supercooled water was entered.
For positive temperatures there was good agreement with experimental data from other authors. 14 For pressures below 100 MPa and positive temperatures below 20°C, the maximum relative discrepancy from the results of the equation of Wagner et al. 11 is 0.38%, whereas the average discrepancy is 0.24%. The anomalous behavior of supercooled water must be stressed. Equation 17 gives very high results for supercooled water, which agree fairly well with the experimental ones. 19 Comparison of the results from Equation 17 with the experimental data of these authors produced a maximum relative error of 1%.
III. ROUTINES
Routines for the calculations of the mentioned properties of liquid water and ice I, after the quoted equations, have been implemented. Matlab R (MatWorks Inc., Natick, MA, USA) was employed for both the routines elaboration and the generation of the figures presented here. The compiled versions of these routines can be accessed publicly at the web page http://www.if.csic.es/ programas/ifiform.htm.
Eight routines cover the range of the four studied properties for liquid water and ice I: WATVOL, ICEVOL, WATEXPAN, ICEXPANS, WATCOMP, ICECOMP, WATCP, and ICECP. They are accompanied by detailed directions on its employment and its consultation, and use is encouraged. It must be noted that the routines fit the equations based in the original experimental data, but still yield an answer when consulted for conditions out of the valid pressure and tempera- ture range. As stated above, liquid water equations are valid from 0.1 to 500 MPa and from -40 to 120°C. The validity of ice I equations expand from 0.1 to 210 MPa and from -30 to 0°C. However, to these limits, the physical extension of water phases must be added. The user of the routines must, with the help of Figure 1 or other means, determine if vapor (for a short interval in the given validity range, and not described by any of the equations given here), liquid water, ice I, or ice III exist at the desired pressure and temperature conditions. Supercooled water, nevertheless, metastably coexist with ice I, and the reader must also determine which is the case.
III. CONCLUDING REMARKS
The set of equations presented here will have a particularly utility in modeling thermal processes in the high-pressure domains, mainly when phase transitions between liquid water and ice I are involved. Few data appear in the literature in relation to temperatures below 0°C and concern mainly to liquid (supercooled) water. However, processes including supercooled water may not be so strange in practical situations during, for example, high-pressure-shift freezing. Although descriptive works on the pressure-temperature behavior of supercooled water and solutions in the high-pressure domain appear in the literature, 7 an increase in the experimental work to determine thermophysical properties of water in this region would be desirable.
Real processes involve real products, which will never be pure water. The relevancy of the properties of a pure substance to those of such a complex mixture, from both physical and chemical points of view, as a real food is deserves some comments.
Evidently, the behavior of the properties of real foods with pressure and temperature variations cannot be described by the equations ruling over pure water. Foods comprise other phases, where different types of bonding determine other thermophysical properties. Also, substances dissolved or suspended on the very water phase alter its properties. Even the physical structuration and microcompartimentallization characterizing many food products and derived from cellular structure, polymers networks, or emulsion phenomena affect the validity of these properties. Nevertheless, the interest in water properties for food studies is also self-evident: water is the main component of food, in many cases a very large percentage. Moreover, water has a strong potential to determine the total properties of the system: for example, because its heat capacity is the largest of all food components, its weight in the total heat capacity will be enhanced.
While the properties of aqueous phases in food could be relatively easily related to that of water (using Raoult's law), once the composition is stated other phases may differ greatly. Due to a general lack of experimental data concerning real foods properties, it is difficult even to find examples to estimate the deviations from those of pure water, and a set of equations such as that described here cannot be expected, when even food composition is inherently variable.
Water in many food processes such as those involving freezing has a stronger role in the physical behavior of the whole, and there the knowledge of its properties can be useful. Moreover, when water is employed in food processes as pressurizing or thermoregulating agent, the calculation of its properties is strongly related to the energetic design of the process.
